Abstract-An improved model for simulating the transient behavior of salient-pole synchronous generators with internal and ground faults in the stator winding is established using the multiloop circuit method. The model caters for faults under different ground conditions for the neutral, and accounts for the distributed capacitances of the windings to ground. Predictions from the model are validated by experiments, and it is shown that the model accurately predicts the voltage and current waveforms under fault conditions. Hence, it can be used to analyze important features of faults and to design appropriate protection schemes.
short-circuit faults. Therefore, appropriate protection schemes must be employed to cater for both internal and ground faults. Hence, a comprehensive simulation model is required to analyze the characteristics of such faults and to accurately predict the associated voltage and current waveforms. Several methods for analyzing the effect of internal faults in synchronous generators have been proposed [1] [2] [3] [4] [5] [6] [7] . Strong space harmonics exist in the air-gap magnetic field and significant time harmonics exist in the phase currents due to the resulting asymmetry in the stator windings. Hence, the symmetrical component method which was employed in [1] , [2] can lead to significant errors. Direct phase quantities were used in [3] , [4] to study the effect of internal faults, including internal faults between turns and the neutral of the stator winding. It was assumed that the winding inductances relative to the air-gap field were proportional to the product of the effective numbers of turns of the corresponding windings. However, this is correct only when the air-gap field has a fundamental component or if the windings are concentrated. A direct phase representation was also used in [5] [6] [7] , and a unique winding partition technique was employed to analyze internal faults. A winding with an internal fault was divided into two sub-windings, each being treated as an equivalent sinusoidally distributed winding. However, space harmonics in the air-gap field were neglected and no experimental validation was provided.
To date, the analysis of ground faults has focused mainly on the characteristics of the zero-sequence fundamental and third-harmonic voltage components by using equivalent circuits. However, since the distribution of the third-harmonic voltage of each coil in different branches of the stator winding may be different, the equivalent circuits for turbo-generators presented in [8] [9] [10] cannot be applied to salient-pole generators. For a salient-pole generator with multiple branches, the analysis of the third-harmonic voltage generally adopts the superposition principle based on the potential of each turn [11] , the fundamental and third-harmonic components being calculated independently. However, this is not always valid in practice and, hence, the utility of the simulation model is limited.
Although several machine models are employed in commercial software for the analysis of power systems, such as EMTP [12] and EMTDC [13] , the generators are generally considered as healthy units, and the software is not capable of analyzing the effect of internal and ground faults.
The basic principle of the multiloop circuit method developed in [14] and [15] machine, using appropriate circuit parameters. The method has been verified by experiments, and shown to be capable of analyzing the steady-state and transient behavior of internal faults in the stator windings of synchronous generators [16] , [17] since it accounts for the actual disposition of the windings and accurately calculates the harmonics in the air-gap field. However, since the distributed capacitances of the windings to ground are neglected, while the grounding method for the neutral is not considered, ground faults could not be simulated and analyzed. Therefore, the aim of this paper is to extend the multi-loop circuit method to cater for both internal and ground faults under different neutral ground conditions and to account for the distributed capacitances of the windings to ground.
II. ANALYTICAL MODEL BASED ON MULTILOOP CIRCUIT METHOD

A. Definition of Reference Direction
For the stator winding shown in Fig. 1(a) , the generator rule is adopted and positive current produces a negative flux-linkage. For the rotor windings, i.e., both the field winding and the damper winding shown in Fig. 1(b) and (c), the motor rule is adopted and positive current produces a positive flux-linkage. Positive voltage drops and current polarities in the stator and rotor windings, as well as positive voltage drops across the capacitances, the neutral grounding resistance and inductance , and the voltage transformer parameters and at the generator terminals, are also indicated in Fig. 1 .
B. Division of Distributed Capacitance
Each stator phase winding is composed of branches in parallel, and each branch consists of coils in series. Assuming that , , and , the capacitances of phases , and to ground, respectively, are evenly distributed in the winding, then the capacitance of each coil of phases , and is , and , respectively. In the model, every branch is divided into segments from the terminal to the neutral, and the th segment includes coils (where ). The distributed capacitance of each segment of the winding is replaced by two equal lumped capacitances at both ends. At the terminals, the additional capacitances of phases , , and , viz. the equivalent capacitances between the terminals and the low-voltage winding of the step-up transformer are , , and , respectively. Thus, in the stator model, the equivalent capacitances can be expressed as follows: at the terminals , , and ; inside the stator winding , , and , ( , ); at the neutral .
If the resistance of each coil is , then the resistance of each segment per phase and branch is ( , ).
C. Establishment of State Equations
The currents through the inductances and the voltages across the capacitances are chosen as the state variables, and the state equations are established for both healthy and fault states.
In the following, the equivalent resistances and inductances of phases , , and from the terminals to the infinite bus, including the step-up transformer and the transmission line, are , , , and , , , respectively. The calculation of the winding inductances has been described in detail in [15] and [16] . It is worth mentioning that for a salient-pole generator, the self-and mutual-inductance between segments of the stator winding, and the mutual-inductance between the stator and rotor windings are dependent on the angular position of the rotor; while the self-and mutual-inductances of the rotor windings are independent of the angular position of the rotor. For the neutral loop, the voltage equation is (7) b) Node Current Equations: At the internal nodes of the stator, the current equations are shown in (8) , at the bottom of the next page.
( 1) and (2) At the terminals, the current equations are (9) At the neutral, the current equation is (10) c) State Equations: Combining the foregoing voltage equations of the independent loops (1)- (7) and the node current (8)- (10), the state equations in matrix form are as follows: (11) where inductance matrix of the stator and rotor windings; capacitance matrix of the stator winding; capacitance matrix from the terminals to the neutral; resistance matrix of the stator and rotor windings; , , , associated connection matrices between the nodes and branches; zero matrix; voltage source vector; , , , vector of state variables; fault-conductance matrix between the fault node and branch. Under normal conditions, . However, when a fault occurs, some zero elements need to be modified according to the fault location, as will be discussed. The total order of the coefficient matrix is .
2) Ground Faults:
Only one resistance branch is appended when a ground fault occurs at a node in the stator winding model via a transition resistance . Therefore, the topology of the complete circuit and the number of state variables remains the same. In other words, only the current equation at the fault Fig. 2 . Ground fault at node j in phase a. Fig. 3 . Inter-turn fault between nodes j and j in branch k of phase a.
node, rather than the voltage equation, needs to be modified. Assuming a ground fault occurs at segment (node ) of branch of phase , by way of example, Fig. 2 , the current equation with the ground fault is changed to the following: (12) Thus, in matrix , a zero element on the leading diagonal needs to be substituted by according to the fault location.
3) Internal Faults:
When an inter-turn fault occurs in the same branch, or a fault occurs between different branches in the same phase or between different phases, it may be represented by a transition resistance between different nodes, the circuit topology remaining the same as that for a ground fault. The state equation can be obtained by updating the current equation according to the fault location. The modification is illustrated by (13) for an inter-turn fault between node and node in branch of phase , Fig. 3 (13) In matrix , replaces two zero elements on the leading diagonal at the appropriate fault positions, and replaces two zero elements at the related off-diagonal fault positions.
In summary, a ground fault and an internal fault can be unified in the model by updating the fault-conductance matrix according to the type and position of the fault.
III. SOLVING STATE EQUATIONS
The semi-implicit Calahan method [18] is chosen to solve the state equations. Iteration is not needed in the calculation due to the explicit recursive relation. Moreover, its computing speed and stability are better than for the fourth-order Runga-Kutta method. is the calculation time step, , [18] . By adopting a nonzero transition resistance, albeit very small, to simulate either a solid ground fault or an internal short-circuit fault, the Calahan method ensures good stability toward a solution.
IV. SIMULATION AND EXPERIMENTAL RESULTS
Extensive experiments, encompassing inter-turn faults in the same branch, faults between different branches in the same phase or between different phases, and ground faults, have been carried out on a salient-pole synchronous generator on no-load, with different excitation currents, and under different neutral grounding conditions. Some typical predicted and measured results will be reported in this section to demonstrate the generality and accuracy of the developed model. The main data for the experimental generator are: rated volt-amps ; rated power ; rated voltage ; rated current ; excitation current on no-load and rated voltage ; number of pole-pairs ; number of parallel branches per phase ; number of coils per branch of stator phase winding ; number of damper bars per pole ; capacitances of stator phases , and to ground , 1.96 and 2.11 nF, respectively. A tap from each coil of the stator winding exists in the experimental generator so as to enable the type of fault and its location to be selected. In the investigation, each branch is divided into seven segments from the terminal to the neutral.
A. Internal Fault
The excitation current was reduced to 2.85 A in order to avoid an excessively high fault current, while the neutral was grounded via a potential transformer. The measured and simulated short-circuit current and excitation current are compared in Fig. 4(a) and (b) when an inter-turn short-circuit fault is imposed across coil 7 of branch 2 in the phase winding, which is adjacent to the neutral point, when the transition resistance is 0.95 . In general, it can be seen that the simulation results agree well with the experimental results. Fig. 4 shows that the short-circuit current which results with an internal fault is very large, being nearly four times the rated current even with the reduced excitation current. Further, harmonic analysis shows that the distortion of the current waveforms is significant, the excitation current containing a strong second harmonic in addition to the direct current component, while the stator current contains a pronounced third harmonic.
B. Ground Fault
The ground faults were applied with an excitation current of 7.7 A. Thus, the voltage between the terminals and ground was approximately equal to the rated phase voltage.
To verify the method of distributing the capacitance in the mathematical model, voltage waveforms were measured when a direct ground fault was applied on coil 2 of branch 1 in the phase winding, while the neutral was ungrounded and there was no additional capacitance or voltage transformer at the terminals. The measured and simulated zero sequence voltages at the terminals and the neutral ( and , ) are shown in Fig. 5(a) and (b) , respectively. The effective values of the fundamental ( and ) and third harmonic voltage components ( and ) of and have also been calculated in real time by Fourier transform using a moving data window. Again, excellent agreement is achieved.
It is observed that before the ground fault occurs, the values of and are similar, while and are very small since the stator winding is symmetrical and the capacitances of the three phases , and to ground are very similar, viz. 2.01 nF, 1.96 nF, and 2.11 nF, as mentioned earlier. After the fault, becomes higher than , while the changes in and are similar, which indicates that the zero-sequence fundamental frequency voltage can be extracted either at the generator terminals or at the neutral if it is to be used in the protection scheme.
In practice, the capacitance of each phase to ground is not as symmetrical as in the foregoing. To simulate the asymmetrical situation, three capacitances of 136.6, 107.8, and 106.4 nF are connected in parallel across the terminals of phases , , and , respectively, and the neutral is grounded via a resistor , and a ground fault is imposed at coil 2 of branch 1 of phase through a transition resistance of 8.281 with the same excitation current of 7.7 A. This represents a typical high resistance fault condition, as might be simulated in order to assess the sensitivity of a protection scheme to detect such faults. The measured and simulated results for and and the corresponding components of the fundamental and third harmonic voltages are shown in Fig. 6(a) and (b) , respectively. Under normal conditions, there is a higher fundamental frequency voltage at the neutral due to the asymmetrical distribution of the capacitances. The steady values of and are very small both before and after the occurrence of the fault, which means that the sensitivity of the protection would be low for a ground fault with a high resistance if is employed for the protection scheme.
V. CONCLUSIONS
Based on the multiloop circuit method, a comprehensive transient model has been established for predicting the current and voltage waveforms which results in a salient-pole synchronous generator when internal faults or ground faults occur on the stator winding. Good agreement has been achieved between simulated and measured results for both types of fault, and some important characteristics of the faults have been revealed. Thus, the model can be used to analyze the effects of various fault conditions on the stator windings, and to aid the design of protection schemes.
